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Abstract Thermoplastic linear poly(ether-urethane) sulphonated ionomer (PEUSI),
doped with natural Fe2+, was studied by Mössbauer spectroscopy at T = 78 and
290 K in order to monitor the chemical state of Fe species. The Fe2+ added was found
to get only partly oxidised in the course of preparation of a dry polymer ﬁlm from
aqueous suspension. The oxidised part gave a ferric quadrupole doublet (over half
of total Fe added) and, at T = 78 K only, a small portion of magnetically split sextet
(ca.3%),whereasFeII (totalover40%)stabilisedintwodifferentforms(represented
by quadrupole doublets) corresponding to two types of iron(II) microenvironments,
where FeII could be coordinated involving –CONH– and –NHNH– moieties and
sulphonate groups in PEUSI. The results obtained show that Fe2+-doping of PEUSI-
basedmaterialsmaybeusedforprobingtheirstructuralcharacteristicsbyMössbauer
spectroscopy.
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1 Introduction
A diversity of polymeric materials and blends based on poly(ether-urethane), along
with their wide-range industrial applications, have also been used in medicine as
synthetic biomaterials for blood contact owing to a favourable combination of their
characteristics, in particular, their biocompatibility and material strength [1–5]. In
order to decrease protein adsorption which, in its turn, is related to subsequent
bacterial adhesion [6], it is important to enhance the hydrophilicity of polymeric
biomaterials. One of the most efﬁcient means for that is incorporating various
covalently bound substituents with polar (ionic) functional groups in the polymer
chains [7–9].
Incorporation of chemically bound (coordinated) metal ions can also contribute
to increasing the polymer hydrophilicity and thus retarding protein adhesion [10, 11].
In this case, however, the metal has to be strongly bound to the polymer functional
groups. In the case of iron, its chemical state within the polymer matrix can conve-
niently be probed using transmission 57Fe Mössbauer spectroscopy.
In this work, thermoplastic linear poly(ether-urethane) sulphonated ionomer
(PEUSI) [12, 13], doped with Fe2+ (as FeSO4·7H2O added to aqueous emulsion of
the polymer), was studied in the form of dry ﬁlms by Mössbauer spectroscopy to
quantitatively monitor the chemical nature of the resulting Fe species.
2 Materials and methods
2.1 Preparation of the polymer sample
Thermoplastic linear poly(ether-urethane) sulphonated ionomer (PEUSI; sulphona-
tion degree ca. 3%), was synthesized as described earlier (see, e.g. [12, 13]). In Fig. 1,
the structure of the title polymer is schematically shown. The polymer was prepared
in the form of a dry ﬁlm (0.7 ± 0.1 mm thick) from aqueous emulsion stirred at 45 ±
5◦C for 1 h, spread onto an inert polytetraﬂuoroethylene (PTFE) support, dried in air
at ambient temperature and then at 45 ± 5◦C to a constant weight. The polymer ﬁlm
had been doped with natural, non-enriched Fe2+ (as FeSO4·7H2O added to aqueous
emulsion of the polymer before stirring and drying) at the equivalent of 0.1 mg·cm−2
of 57Fe (abundance ca. 2.2% in natural iron) to ensure the applicability of Mössbauer
spectroscopic measurements up to a good statistics within a reasonable time.
2.2 Mössbauer spectroscopic measurements
Mössbauer spectra of the dry Fe2+-doped polymer ﬁlm were measured at T = 78 K
(in a cryostat) and at 290 K using a conventional constant-acceleration Mössbauer
spectrometer with a 57Co(Rh) source kept at room temperature. Statistical treatment
of the spectra was performed using the MOSSWINN 3.0 program [14], with the
assumption of Lorentzian line shapes. The calculated parameters were the isomer
shift (δ, in millimeters per second), quadrupole splitting (Δ, in millimeters per
second), experimentally observed line width (full width at half maximum, Γ exp,i n
millimeters per second) and partial resonant absorption area (Sr,i np e r c e n t )f o r
each spectral component. The latter (Sr) is used to represent the relative content ofMössbauer spectroscopic study of PEUSI doped with iron species 97
Fig. 1 Schematic presentation of the molecular structure of the partly sulphonated poly(ether-
urethane) studied (PEUSI; sulphonation degree ca. 3%)
the related iron form (type of microenvironment), reasonably assuming a common
recoilless fraction for all forms in a sample contributing to the spectrum. The velocity
scale of the spectrometer was calibrated relative to α-Fe at room temperature; the
same for all the δ values discussed in this paper.
3 Results and discussion
The Mössbauer spectra of the polymer system obtained at both the temperatures
(Fig. 2) were found to be complex, clearly indicating that there are spectral con-
tributions from both iron(II)- and iron(III)-containing species. The best ﬁt showed
that each of the spectra at both 78 and 290 K contained two quadrupole doublets
of iron(II) forms with different microenvironments and one quadrupole doublet of
an iron(III) form. In addition, at T = 78 K only, there is a clearly resolved small
contribution of an iron(III)-containing magnetically ordered phase represented by a
weak sextet. The parameters of the corresponding forms are listed in Table 1.
Thus, doping this partly sulphonated poly(ether-urethane) material, prepared
from aqueous emulsions in the form of a dry ﬁlm, with iron(II) led to only partial
oxidation of the iron(II) to iron(III). The resulting FeIII-containing phase (under
60% of the total Fe) is represented, most probably, by ﬁne amorphous ferric
(oxy)hydroxide particles, giving a quadrupole doublet (over 50% of the total iron)
at both the temperatures, while a minor part of it, visible at T = 78 K only, evidently
transforms into a small portion of magnetically ordered phase (ca. 3% of the total
iron). It has to be mentioned, however, that some coordination of iron(III) ions to
the polymer moieties cannot be excluded, as the parameters for iron(III) in that
case could well be quite close and would probably not be resolved. Similar partial
(ca. 40%) oxidation of iron(II) to iron(III) had been observed by Vértes and Nagy98 A.A. Kamnev et al.
Fig. 2 Mössbauer spectra of Fe2+-doped partly sulphonated poly(ether-urethane) dry ﬁlms mea-
sured at T = 78 and 290 K, as indicated beside the spectra. The positions of the magnetically split
sextet lines (observed for T = 78 K only; weak black peaks) are shown above the relevant spectrum.
For both the spectra, doublets 1 and 2 (see also Table 1), representing two different FeII forms, are
depicted as more and less dark shaded areas, respectively; lightly shaded doublet 3 (see Table 1)
represents the contribution of an FeIII form
in an early work [15] for the system containing 98% poly(vinylpyrrolidone) + 1%
H2O+1 %F e C l 2 prepared from diluted aqueous solutions of the iron(II)-containing
polymer by drying under vacuum (at 70◦Ct o8 0 ◦C). Note that under the conditions
of air-drying applied in this work, the possibilities for iron(II) oxidation were more
evident, as compared with those in [15].
Nevertheless, it is of special interest that yet a substantial part of the total iron(II)
added, over 40%, was evidently found to have got ﬁrmly chemically bound to
functional groups of the polymer matrix and stabilised in the FeII form represented
by two different microenvironments. Note that for ferrous sulphate heptahydrate
used in this work as an additive, the Mössbauer parameters at room temperature
were reported as δ = 1.31 mm/s vs. α-Fe; Δ = 3.20 mm/s [16], which is far from
those given in Table 1 for either doublet 1 or doublet 2. It may be reasonably
assumed that the less intensive doublet 1 refers to the iron(II) form coordinated to
sulphonate groups, giving a somewhat larger Δ and corresponding to a relatively
small sulphonation degree of the polymer, while the other iron(II) form represented
by doublet 2 is coordinated by CO–NH and NH–NH moieties (see Fig. 1), withMössbauer spectroscopic study of PEUSI doped with iron species 99
Table 1 Mössbauer parameters for Fe2+-doped partly sulphonated poly(ether-urethane) dry ﬁlms
measured at different temperatures (see also Fig. 2)
T, K Multiplet Fe oxidation Magnetic δ, mm/s Δ, mm/s Γ exp, mm/s Sr,%
state ﬁeld, T
78 Sextet +3 44.6 (2) 0.98 (3) – 0.3 (1) 3.2
Doublet 1 +2 – 1.35 (1) 3.03 (3) 0.35 (3) 19.5
Doublet 2 +2 – 1.31 (1) 2.56 (3) 0.42 (3) 26.4
Doublet 3 +3 – 0.52 (1) 0.76 (1) 0.54 (1) 50.9
290 Doublet 1 +2 – 1.22 (1) 2.68 (3) 0.34 (3) 13.4
Doublet 2 +2 – 1.22 (1) 2.08 (3) 0.55 (2) 27.9
Doublet 3 +3 – 0.40 (1) 0.71 (1) 0.47 (1) 58.7
Errors (in the last digits) are indicated in parentheses
δ isomer shift (vs. α-Fe at room temperature), Δ quadrupole splitting, Γ exp experimentally ob-
served line width at half maximum, Sr the relative area of a relevant spectral component (relative
error ± 5%) representing the relative content of the related form, assuming a common recoilless
fraction for all forms in a sample contributing to the spectrum
possible water molecules as additional ligands in both cases. The somewhat higher
linewidth for doublet 2, as compared with that for doublet 1 (see Table 1), may well
be a consequence of some non-uniformity of its microenvironments.
Thus, the PEUSI polymer matrix-stabilised ferrous species coordinated to the
relevant polymer moieties may be used for probing the structural characteristics of
the related polymeric materials, as well as their changes induced by external factors
andadditives,byMössbauerspectroscopy.Suchstudies,involvingFe-dopedcomplex
PEUSI-based polymer materials, are underway and will be reported elsewhere.
4 Conclusions
Mössbauer study has shown that the Fe2+, added as a salt to the linear poly(ether-
urethane) sulphonated ionomer (PEUSI), got only partly oxidised in the course
of polymer ﬁlm preparation and air-drying. The oxidised part gave a quadrupole
doublet of iron(III), comprising over half of the total iron, most probably repre-
senting ﬁnely disperse ferric (oxy)hydroxide phase, a small portion of which, visible
at T = 78 K only, transformed into a magnetic phase (ca. 3%). The other part of
FeII (over 40% of total Fe added) stabilised in two different forms (doublets 1 and
2), which could be ascribed to two types of iron(II) microenvironments, with FeII
coordinated by sulphonate groups and/or by the CONH and NHNH moieties of
the polymer chains. Thus, FeII-doping of PEUSI-based materials may be used for
probing their structural characteristics by means of Mössbauer spectroscopy.
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